Heterologous protein production can be doubled by increasing the copy number of the corresponding heterologous gene. We constructed a host-vector system in the yeast Kluyveromyces lactis that was able to induce copy number amplification of pKD1 plasmid-based vectors upon expression of an integrated copy of the plasmid recombinase gene. We increased the production and secretion of two heterologous proteins, glucoamylase from the yeast Arxula adeninivorans and mammalian interleukin-1␤, following gene dosage amplification when the heterologous genes were carried by pKD1-based vectors. The choice of the promoters for expression of the integrated recombinase gene and of the episomal heterologous genes are critical for the mitotic stability of the host-vector system. Circular DNA plasmids are present in some yeast species. The most extensively studied is the 2m circular plasmid of Saccharomyces cerevisiae, which is considered a model for yeast plasmids (23, 36) . Circular plasmids have been found in some Zygosaccharomyces osmotolerant yeasts (28, 29, 31) , Torulaspora delbrueckii (8), and Kluyveromyces waltii and K. drosophilarum (15, 18). These plasmids do not confer any evident phenotype on the host cell. They do not have sequence homology and are species specific with respect to maintenance and replication (1, 3, 14) . Nevertheless, they are approximately the same size, have similar structural organization, and share intramolecular dimorphism.
Heterologous protein production can be doubled by increasing the copy number of the corresponding heterologous gene. We constructed a host-vector system in the yeast Kluyveromyces lactis that was able to induce copy number amplification of pKD1 plasmid-based vectors upon expression of an integrated copy of the plasmid recombinase gene. We increased the production and secretion of two heterologous proteins, glucoamylase from the yeast Arxula adeninivorans and mammalian interleukin-1␤, following gene dosage amplification when the heterologous genes were carried by pKD1-based vectors. The choice of the promoters for expression of the integrated recombinase gene and of the episomal heterologous genes are critical for the mitotic stability of the host-vector system. Circular DNA plasmids are present in some yeast species. The most extensively studied is the 2m circular plasmid of Saccharomyces cerevisiae, which is considered a model for yeast plasmids (23, 36) . Circular plasmids have been found in some Zygosaccharomyces osmotolerant yeasts (28, 29, 31) , Torulaspora delbrueckii (8) , and Kluyveromyces waltii and K. drosophilarum (15, 18) . These plasmids do not confer any evident phenotype on the host cell. They do not have sequence homology and are species specific with respect to maintenance and replication (1, 3, 14) . Nevertheless, they are approximately the same size, have similar structural organization, and share intramolecular dimorphism.
The plasmids are present in the host cells at high copy number (50 to 100 per cell) and in two equivalent molecular forms resulting from intramolecular recombination at inverted-repeated (IR) sequences. A model for copy number amplification, which involves site-specific recombination events during plasmid replication, has been proposed for the 2m circle (22, 35) . Expression of the plasmid recombinase gene (FLP) is repressed by the product of the plasmid-partitioning genes REP1 and REP2 (27, 34) . A fourth gene (D) on the 2m circular plasmid counteracts the regulatory function of the Rep1 and Rep2 proteins (24) . A mathematical model for plasmid maintenance has been successfully applied in computer simulations and is supported by experimental data (33) .
The pKD1 plasmid of K. drosophilarum can replicate and is stably maintained in Kluyveromyces lactis (3) . This plasmid (Fig. 1A) has been isolated and sequenced (12, 18) . pKD1 carries a replication origin, the two B and C genes involved in partitioning, a cis-acting partitioning locus (CSL) (5), a gene encoding a site-specific plasmid recombinase (A), and recombinase target sites in the IRs. Site-specific recombination in pKD1 requires the B and C gene products (6) . Homologous recombination occurs frequently in K. lactis among plasmid circles (4) . Inactivation of the recombinase gene decreases the plasmid copy number (6) , suggesting that pKD1 plasmid amplification requires site-specific recombination. The absence of a fourth gene in pKD1 indicates that the regulation of the A gene might be different, and possibly simpler, than in the 2 m plasmid.
Our objectives in this study were (i) to construct a K. lactis strain containing a chromosomal copy of the recombinase A gene of pKD1 under the control of an inducible promoter and (ii) to use this strain for copy number amplification of pKD1-based vectors harboring expression cassettes for heterologous genes. Our results showed that copy number amplification could at least double heterologous protein production.
MATERIALS AND METHODS
Strains and media. All the cloning steps were performed in Escherichia coli DH5␣ [80dlacZ⌬M15 ⌬(lacZYA-argF)U169 deo rec-1 end-1 sup-44 thi-1 gyrA96 relA1]. The yeast strains used were MW98-8C (MAT␣ uraA1-1 lysA argA pKD1 0 ) and PM6-7A (MATa uraA1-1 adeT-600 pKD1 ϩ ). Yeast-peptone medium contained 2% peptone, 1% yeast extract, and 2% glucose (YPD) or 2% galactose (YPG); geneticin was added at 100 mg/liter when needed. SD medium contained 0.67% yeast nitrogen base (Difco, Detroit, Mich.), 20 mg of lysine and 20 mg of arginine per liter, and 2% glucose. In the low-phosphate medium LPi (1% peptone, 0.25% yeast extract, 2% glucose), the inorganic phosphate was eliminated by Mg 2ϩ precipitation as previously described (13) . Solid media contained 2% agar. Yeast cultures were inoculated at an optical density at 600 nm of Յ0.05 in Erlenmeyer flasks or aerated test tubes and incubated at 28°C on an orbital shaker at 175 rpm. Growth rates were determined as the rate of increase of optical density. Cell density at stationary phase was determined from cell counts in a Buerker chamber.
Construction of the integrative vector. The 3Ј-terminal region of the pKD1 A gene was amplified from a pKD1 DNA preparation by PCR with the following oligonucleotides: A5 primer, (5Ј)GGG TCT AGA TCC AAG GAC TTT TGA GAT CTA CAA C(3Ј); A3 primer, (5Ј)GGG CCT GAG GAA GCT TGC CCC ATC ATG CCA CCA CCG TCC GCT GTG ATC GC(3Ј). The underlined nucleotides correspond to a HindIII site introduced by amplification and the recombinase gene stop codon. The positions of the primers are indicated in Fig.  1A . The amplification product, confirmed by sequencing, was fused in frame to the wild-type 5Ј portion of the A gene and cloned into pSK-Bluescript II. The 1,373-bp StuI-HindIII fragment containing the A gene sequence was then placed into the HindIII site of the LAC4 promoter/PGK1 terminator cassette from vector pYG105, which has been used previously for the construction of the lactose-and galactose-inducible expression vector pYG107 (21) . The A gene expression cassette was cloned into pSK-Bluescript II, and the URA3 marker gene from S. cerevisiae, which complements the uraA1-1 mutation of K. lactis (16) , was subsequently inserted into the SalI site of the resulting construct to give pLAU16 (Fig. 1B) .
Construction of expression vectors. We constructed three pKD1-based expression vectors containing heterologous genes. In all cases, the expression cassette and the genetic markers were inserted into the SphI site of pKD1, which is located in a region without plasmid functions and permits the construction of very stable vectors (6).
The vector pKan707 (21) was digested with EcoRI, and the fragment harboring the pUC19 bacterial origin of replication and marker was circularized. This new vector, pKan007, also contained the K. lactis k1 promoter of the killer plasmid fused in frame with the aminoglycoside phosphotransferase (APT) gene of the bacterial transposon Tn903. The k1-APT fusion confers resistance to the antibiotic Geneticin. pKan007 was inserted into the SphI site of pKD1 to generate the stable replicative vector p3K31. The XbaI-HindIII fragment of vector pYG81 (20) , containing the S. cerevisiae PHO5 promoter, the interleukin-1␤ (IL-1␤) gene fused in frame to the K. lactis killer toxin secretory signal, and the PHO5 terminator, was cloned into pSK-Bluescript II. From the resulting vector, the IL-1␤ expression cassette was isolated as a SalI fragment and was cloned into the single SalI site of vector p3K31. The vector was called pGM-IL (Fig. 1C) , and the expression of the heterologous gene was inducible in low-phosphate media (20) . Vector pGMA-IL was identical to pGM-IL, except that the pKD1 moiety contained a 4-bp insertion in the A gene. This mutation inactivated the recombinase gene, giving rise to a vector with a lower basal copy number (6) . The pGM-GAM expression vector was obtained by cloning the 2,776-bp SalI-SmaI fragment, containing the S. cerevisiae GAPDH promoter, the complete sequence of the Arxula adeninivorans glucoamylase gene including the secretory signal, and the PHO5 terminator, from vector pTS32-TAA (10) into the SalI and SmaI sites of p3K31 (Fig. 1D) . In pGM-GAM the glucoamylase expression was constitutive in K. lactis. All molecular cloning procedures were performed by following protocols suggested by the suppliers of the products or by standard laboratory manuals (26) .
Yeast transformation and stability of the transformants. The K. lactis strains were transformed by electroporation (7). Stability was measured by growing the transformants for 10 to 12 generations (about 24 h) on liquid YP medium to 1 ϫ 10 8 to 3 ϫ 10 8 cells/ml. The cultures were then diluted, plated on YPD at a density of more than 100 colonies per plate, and replica plated onto selective media. Stability was determined as the percentage of colonies maintaining the marker phenotype. For other generation time determinations, small aliquots of the grown cultures were reinoculated in fresh medium for successive rounds of growth.
Southern and Northern analysis of nucleic acids. DNA samples were prepared from cell cultures by a standard procedure (11): cell lysis was obtained after Zymolyase incubation (Seikagaku-Koygo, Tokyo, Japan) and sodium dodecyl sulfate (SDS) treatment. Cellular debris were pelleted by centrifugation (10 min at 14,000 ϫ g), and the aqueous phase was extracted with phenol and precipitated with ethanol. Resuspended DNA was incubated with RNase. RNA samples were prepared from late-logarithmic-phase cultures (10 8 cells/ml) after Zymolyase incubation and cell lysis by resuspension in hypotonic solution (0.5 M sorbitol, 0.1 M Tris-HCl [pH 7.5]). The aqueous phase was extracted with buffered phenol, and total RNA was precipitated with ethanol. DNA and RNA were fractionated by electrophoresis on agarose and agarose-formaldehyde gels, respectively. They were transferred to nylon membrane filters (Hybond-N; Amersham International, Little Chalfont, United Kingdom) and hybridized with radiolabelled probes as suggested by the supplier. Probes were labeled with the random primed DNA labeling kit (Boehringer, Mannheim, Germany). Double- stranded DNAs used as probes included the 1,373-bp StuI-HindIII fragment from the A gene, the 1.3-kbp HindIII fragment from the K. lactis actin gene (17) , the 412-bp SacI-HindIII fragment from the PGK1 terminator, the 1,201-bp HindIII-SalI fragment from the LAC4 promoter, and the 1.3-kbp SalI fragment from transposon Tn903.
Interleukin detection. The amount of biologically active IL-1␤ was determined by an immunochemical assay (h-Interleukin-1␤ ELISA; Boehringer). The enzyme-linked immunosorbent assay (ELISA) was performed both on the supernatants and on crude extracts of the transformed cells ground with glass beads (diameter, 0.5 mm). For crude-extract preparation, the cells were washed with water and resuspended in 0.9 M NaCl before being subjected to mechanical breaking. The total amount of extracted proteins was determined as described by Bradford (9) . The number of broken cells was determined by estimating an average of 5 pg of protein per cell. No immunoactive material was found in samples from untransformed cells or in SDS-treated samples. The production of secreted IL-1␤ also was evaluated by Coomassie blue R-250 or silver staining of the supernatants from the cultures after gel electrophoresis. Aliquots of the cultures were collected and centrifuged (5 min at 14,000 ϫ g). Supernatants were mixed 1:1 with loading buffer (0.1 M Tris-HCl [pH 7.4], 20% glycerol, 4% SDS, 5% ␤-mercaptoethanol, 0.02% bromphenol blue) and run on SDS-polyacrylamide gel electrophoresis (PAGE). A signal corresponding in size to IL-1␤ could be detected only in supernatants from LPi medium. The stained SDS-PAGE gels were also analyzed densitometrically (see below).
Glucoamylase detection. Glucoamylase was determined by measurement of hydrolytic activity on starch. Starch-bound iodine has a peak of absorbance at 580 nm. Starch hydrolysis was assayed by measuring ⌬A 580 /⌬t as follows. A 75-l volume of 3 M sodium acetate (pH 5.2) and 100 l of 1% starch (soluble potato starch; Sigma, St. Louis, Mo.) were added to 5-ml volumes of supernatants from centrifuged cultures. The reaction mixtures were placed at room temperature (25°C). Samples were taken at regular intervals and cooled on ice for 2 min, and cold 0.1 N I 2 in 0.12 M KI was added to a final concentration of 0.05 N I 2 . The A 580 was measured immediately after iodine addition. One unit of glucoamylase activity was defined as the amount of enzyme allowing a decrease of 1 U of A 580 per min of enzyme-substrate reaction. No glucoamylase activity could be detected in samples from untransformed BT16 cultures.
Densitometric analysis of specific RNA, plasmids, and proteins. Plasmid DNA and transcript levels were measured relative to their levels in glucose-grown cells. The images of stained gels and autoradiographs were digitally acquired (ABEL-CAT 1.1.5; ABEL Science Ware srl, Pomezia, Italy) for the measurements of mRNA, plasmid DNA, and proteins. Sample lanes were scanned densitometrically with an image analyzer (Phoretix 1D; Non Linear Dynamics Ltd., Newcastle upon Tyne, United Kingdom). The volume of the signal, i.e., the number of pixels multiplied by the areas of the peaks, was considered proportional to the number of molecules detected by the staining or hybridization procedure. Calibration with standards was performed to permit interpolation of results. The total amount of mRNA loaded on a gel was determined by probing the filters with the K. lactis actin gene (17) . The amount of DNA was determined both by measuring A 260 and by performing densitometric analysis of the ethidium bromide-stained gels before capillary blotting.
RESULTS
Construction of a K. lactis strain harboring a chromosomally integrated inducible copy of the pKD1 recombinase gene. The integrative vector pLAU16 was introduced into the MW98-8C (pKD1 0 ) K. lactis strain by electroporation. Several Ura ϩ transformants were isolated, and chromosomal integrants were selected by the stability of the Ura ϩ phenotype and by Southern analysis (results not shown). One transformant, BT16, showed 100% stability of the Ura ϩ phenotype after growth for 50 generations on YPD and YPG and showed hybridization of the gene A probe to chromosomal DNA (results not shown). The growth rate of strain BT16 on YPD and YPG was not affected by the pLAU16 integration compared to that of the parental strain MW98-8C. The number of cells at stationary phase was three-to fourfold smaller on YPG than on YPD. The correct arrangement of the LAC4 promoter, the recombinase gene, and the terminator in the integrant strain was verified by chromosomal DNA digestion with different restriction endonucleases and by Southern analysis (results not shown).
RNA was extracted from BT16 after growth on YPD and YPG and was fractionated on a denaturing agarose gel for Northern analysis. Hybridization with the A gene probe revealed a 10-fold induction of the recombinase gene expression on galactose (Fig. 2) . The activity of the recombinase in strain BT16 was confirmed by its ability to isomerize a pKD1-derived vector harboring an inactive A gene (results not shown).
Stability and copy number of BT16 transformants. The expression vectors pGM-IL, pGMA-IL, and pGM-GAM were introduced into strains BT16 and MW98-8C by electroporation, and the Geneticin-resistant clones were selected. The stability of the transformants was measured after 24 h of growth on YPD and YPG (Table 1 ). All the vectors were very stable on both carbon sources. The basal copy number of vectors pGM-IL and pGM-GAM was estimated at 20 copies per cell, that of pGMA-IL, which carries an inactive copy of the recombinase gene, was 6 to 7 copies (6, 6a). Analysis of pGMA-IL transformants allowed us to identify effects of the chromosomal copy of the recombinase when the plasmidborne recombinase inactive. Total DNA was extracted from the transformants and analyzed by the Southern procedure. Autoradiographs (Fig. 3) show increased levels of plasmid DNA in pGM-IL and pGM-GAM transformants after growth under inducing conditions, this was confirmed by densitometric analysis (Table 1) . We observed a 6-to 7-fold increase of pGM-IL and pGM-GAM and an 11-fold increase of pGMA-IL copy number in BT16 transformants grown on YPG over those grown on YPD. Similar results were obtained when lactose instead of galactose was used as the inducer and carbon source. No significant increase in copy number could be observed in MW98-8C transformants.
To determine if the copy number increase also could be induced on the natural plasmid, pKD1 was genetically transmitted to a strain containing the chromosomal pLAU16 integration by crossing strains BT16 (pKD1 0 ) and PM6-7A (pKD1 ϩ ) and subjecting them to sporulation. The haploid segregant GBM1 (MAT␣ uraA1-1 ADET ARGA LYSA pKD1 ϩ ) had both pKD1 and the chromosomal A gene integration, selected by using the corresponding Ura ϩ phenotype. pKD1 was detected by ethidium bromide staining of DNA samples fractionated on agarose gels. When grown on YPG, strain GBM1 exhibited a three-to fourfold increase in pKD1 copy number over that for YPD-grown cells (data not shown).
Glucoamylase production by BT16(pGM-GAM) transformants. To determine if increased heterologous protein production resulted from increased vector copy number, four BT16(pGM-GAM) transformants, in which the glucoamylase gene is constitutively expressed, were inoculated in YPG and YPD. Samples were taken from late-logarithmic-and stationary-phase cultures, i.e., at 24, 48, and 72 h after inoculation. Stability and copy number of pGM-GAM and glucoamylase activity in supernatants were measured for each sample ( Table  2) . No activity was detected after 24 h. After 48 h, glucoamylase activity could be detected only in YPG supernatants. After 72 h, activity in YPG samples was eightfold higher than that in YPD samples. Crude extracts from transformed cells corresponding to the analyzed supernatants never showed glucoamylase activity. The copy number was stably maintained and higher in YPG-grown cells. Vector stability decreased only slightly in YPG, while the Ura ϩ phenotype, linked to the integrated copy of the A gene, showed a low stability after long incubation times on galactose. Plasmid loss and loss of the integrated sequences were always mutually exclusive events in the progeny of the transformant clones analyzed so far. This finding suggested that simultaneous overexpression of the heterologous gene and of the recombinase gene might be unfavorable.
IL-1␤ production in BT16(pGM-IL) transformants. The integrated sequences and the expression vectors were unstable only when the heterologous gene and the integrated recombinase were simultaneously induced. To overcome this problem, IL-1␤ was produced by preculturing BT16(pGM-IL) transformants on YP medium supplemented with Geneticin and glucose or galactose as the carbon source to the stationary phase. In these media, IL-1␤ gene expression was repressed. The transformants were stable on both carbon sources, and the vector copy number increased following galactose induction of the A gene. The cells were collected and washed with water, inoculated at a density of 0.5 ϫ 10 8 to 1.5 ϫ 10 8 cells/ml in LPi medium, and further incubated for heterologous protein production. Only cells precultured on glucose could undergo two or three further duplications during the IL-1␤ production phase. Aliquots of the LPi supernatants were collected and loaded on an SDS-polyacrylamide gel for SDS-PAGE (Fig. 4) . IL-1␤ accumulated during the fermentation, and production increased 1.7-to 2.5-fold when the cells were pregrown on galactose compared to glucose. The immunoactive IL-1␤ produced after 24 h was analyzed by ELISA (Table 3 ). The average amount of produced IL-1␤ was 42 Ϯ 2.4 mg/ml in YPD samples and 89 Ϯ 13 mg/ml in YPG samples. These results parallel those obtained by the gel-staining procedure. However, when the low cell density of the transformants pregrown on galactose was considered, the increase in interleukin production per cell on this carbon source was 7-to 11-fold, which approximates the increase in plasmid copy number. Based on IL-1␤ levels in both the supernatant and the cell extract, we conclude that the heterologous protein is largely secreted into the medium.
DISCUSSION
The lactose-assimilating yeast K. lactis has a versatile secretory system, which facilitates the secretion of heterologous proteins directed by various signal peptides (10, 19, 21, 25, 30, 32, 37). Heterologous genes can be introduced into this yeast on integrative or replicative vectors. In heterologous-protein production based on replicative plasmids, control of vector stability and copy number is essential in determining the total amount of product synthesized. We found that the mechanisms of pKD1 plasmid copy number control and amplification are similar to those of the 2m circular plasmid of S. cerevisiae, in that in both yeasts the level of expression of the plasmid recombinase is involved. Differences in the details of these mechanisms have been observed (6) , but the present results show that in K. lactis the overexpression of a chromosomally integrated copy of the pKD1 recombinase gene results in a significant increase in plasmid copy number.
The copy number of the native pKD1 plasmid is in the range of 60 to 80 per cell (18) but is reduced to about 20 copies per cell for pKD1-based vectors bearing heterologous genes. A further threefold decrease in copy number is observed when the recombinase gene is inactivated in the recombinant vectors (6) . Induction of the chromosomally integrated copy of the recombinase gene increased the copy number in all cases, although a saturation effect is suggested by the lower relative copy number increase obtained when basal copy number was higher.
We also found that the induction of amplification of a heterologous gene on a pKD1-based vector is followed by a corresponding increase in the heterologous-protein production. The product is largely secreted in the medium. The signal peptide of the K. lactis killer toxin drives the secretion of mature and bioactive IL-1␤ in both K. lactis and S. cerevisiae (2, 20) . This secretory pathway was not saturated, as a result of the increased production of the secreted IL-1␤. In S. cerevisiae the amount of produced and secreted IL-1␤ was as small as 1-2 mg/liter (2). With K. lactis as the host and pKD1-based multicopy expression vectors, production was increased to approximately 100 mg/liter (20) . Our results demonstrated that production can be further increased, to 400 mg of secreted IL-1␤ per liter, by using the regulatory system of pKD1 to increase the plasmid copy number.
We had two major problems while increasing heterologousprotein production. The first was that the poor growth of the transformed strains on galactose, which is the inducer of the integrated recombinase gene expression, limited the increase in production. We can overcome this problem with a different promoter, which is inducible under conditions more favorable for cell growth. The second problem was that the simultaneous induction of the integrated recombinase gene and the heterologous gene on the vector resulted in the loss either of the plasmid or of the integrated sequences. We think that over- a The amount of immunoactive IL-1␤ was determined by ELISA on both culture medium and cell extracts. Three independent BT16(pGA-IL) transformants were analyzed after 24 h in production medium (LPi).
b Carbon source in the precultivation medium. c Total amount of IL-1␤ (supernatant and cell extracts) produced per milliliter or per cell.
production of the heterologous protein by multiple plasmidborne genes exposes the cells to high-stress conditions and selects for cells that have lost either the heterologous gene or the chromosomal recombinase sequence that artificially increases plasmid copy number. We separated induction of the recombinase gene from the induced expression of heterologous genes and increased production of human IL-1␤. Appropriate choice of the promoters and the conditions under which they are expressed is critical to maximize production of the heterologous protein.
